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In this paper, a triple-band 1 × 2 and 1 × 4 microstrip patch antenna array for next-generation wireless and satellite-based
applications are presented. The targeted frequency bands are 3.6, 5.2 and 6.7 GHz, respectively. Simple design procedures and
optimization techniques are discussed to achieve better antenna performance. The antenna is designed and simulated using
Agilent ADS Momentum using FR4 substrate (1r ¼ 4.2 and h ¼ 1.66 mm). The main patch of the antenna is designed for
3.6 GHz operation. A hybrid feed technique is used for antenna arrays with quarter-wave transformer-based network to
match the impedance from the feed-point to the antenna to 50 V. The antenna is optimized to resonate at triple-bands
by using two symmetrical slits. The single-element triple-band antenna is fabricated and characterized, and a comparison
between the simulated and measured antenna is presented. The achieved simulated impedance bandwidths/gains for the
1 × 2 array are 1.67%/7.75, 1.06%/7.7, and 1.65%/9.4 dBi and for 1 × 4 array are 1.67%/10.2, 1.45%/8.2, and 1.05%/10
dBi for 3.6, 5.2, and 6.7 GHz bands, respectively, which are very practical. These antenna arrays can also be used for advanced
antenna beam-steering systems.
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I . I NTRODUCT ION
During the recent years, the popularity of the modern portable
wireless devices such as mobile phones, notebooks, and tablet
PCs have drastically increased. These devices not only offer
versatility and mobility to the end-user, but also allow
multi-GB/s wireless data-transmission for real-time voice
and video applications [1]. The feasibility of such devices
requires the use of a single-antenna element, which can
provide multi-band operation, hence reducing the need of
multiple antennas for each of the operating frequency bands
[1–4]. Such requirements have lead researchers to explore
some of the novel multi-band antenna designs [2–12].
In many applications such as mobile radios, satellites, and
wireless communication where weight, cost, ease of installa-
tion, and size are constraints, low-proﬁle planar antennas
are preferred to fulﬁll the requirement, which include micro-
strip patch antennas (MPAs) [3, 4, 10, 13]. An MPA typically
resonates only at one single frequency. Although there are
several other techniques available where an antenna can be
made to resonate at multiple frequencies by introducing dif-
ferent shapes of slots [6, 7, 11, 12, 14, 15] and slits [16, 17]
into the main patch.
This paper aims at designing an antenna for WiMax and
satellite-based applications. The antenna design presented
here shows the use of two slits [16] which makes the main
patch to resonate at multiple frequency bands. The slits can
be realized easily on the metal patch during the fabrication
process or with the help of a sharp knife once the antenna is
fabricated [16]. Most of the antenna features, including radi-
ation pattern and input-impedance remain unaffected by the
insertion of the slits. The desired substrate for the MPA
design should be thick with low dielectric constant 1r,
because they provide large bandwidth and better efﬁciency
at the expense of large size [2, 13]. The geometry of the single-
element triple-band antenna is shown in Fig. 1 below. The
main patch of the antenna has widthW and length L. The sub-
strate used is FR4 epoxy glass with thickness h ¼ 1.66 mm and
1r of 4.2.
The relative 1r of the substrate varies typically between 3.8
and 4.7 and dielectric loss tangent tan d varies from 0.01 to
0.03 in the microwave frequency bands [18]. It can be seen
from Fig. 1 that, in the proposed MPA design, the 50Vmicro-
strip transmission-line feeding technique is used with length
Lf and width Wf. A quarter-wave (QW) transformer of
length Lt and width Wt is also used for the impedance
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matching between the resonating patch and the feed-line. The
slits made at the corner edges of the main patch are of length
Ls and width Ws.
This paper initially presents a single-element MPA design to
achieve triple-band behavior using slits with a special focus on
mathematical design procedure. For the proof-of-concept, the
single-element MPA is fabricated using FR4 substrate to give
a comparison between the numerical simulations and the
experimental results. Then, a triple-band MPA array design is
presented in both 1 × 2 and 1 × 4 conﬁgurations. The simula-
tions of the proposed triple-bandMPA are performed in Agilent
advanced design system (ADS) momentum, an electromagnetic
simulator. Its simulation tool is based upon full-wave method of
moment (MoM) numerical technique [13, 19]. The structure of
the paper is as follows: Initially, the design procedure of the
single-element MPA is discussed in Section II. Section III dis-
cusses the simulation and fabricated antenna characterization
results and parametric studies on the single-element MPA.
Then, triple-band antenna array design and results are presented
in Section IV. Finally, Section V draws conclusions.
I I . S I NGLE - E LEMENT ANTENNA
DES IGN
A) MPA design and edge impedance
This section presents the design of the MPA where initially the
main patch of the antenna is designed at 3.6 GHz using the
basic patch calculations [13]. The length L, width W, and
related parameters of the antenna are calculated using equa-
tions (1)–(5):
L = Leff − 2DL, (1)
where
Leff = c
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where Leff is the resonating length of the patch and [reff is the
effective dielectric constant due to fringing effect.
The edge impedance of the MPA is calculated using the
transmission-line model [13], where the patch of an antenna
is equivalent to two radiating slots. In general, the
input-impedance calculations of the patch result in the
complex impedance. According to [13] if an antenna reso-
nates at (L ≈ lg/ NameMeNameMeNameMeNameMeNameMe1reff√ ), then the total admittance of the
antenna becomes real and in turn the impedance at the
edges of the antenna become real as well which is calculated
by the formulas described in equation (6)–(10):
Rin x0 = 0( ) = 12(G1 + G12) , (6)
where
G1 = I1120p2 , (7)
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where Rin(x0 ¼ 0) refers to the impedance at the slit edge in
the main patch, G1 is the conductance of one radiating slit,
as shown in Fig. 1, and G12 is the mutual conductance
between the radiating slits. In equation (10), J0 and u are
Bessel function and directivity, respectively. The above formu-
las give a high edge impedance of 311V. This edge impedance
can be further optimized using equation (11) below for this
Fig. 1. Geometry of proposed triple-band MPA.
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type of antenna [19]:
Zedge = 90 x [
2
r
[r −1 x
L2
W2
. (11)
From the above equation, the optimized edge impedance is
calculated to be 273 V. It can be seen from Section III below,
that the better performance is achieved when edge impedance
value of 273 V was used for the design of matching network.
B) Matching network
A QW transformer [20] can be used to match the patch
antenna input-impedance at resonance with a 50 V
transmission-line. A similar technique is used in this design,
where a QW transformer, i.e. transmission-line of length l/4
is used which changes the input- impedance of the load to
another value, so that the matching is possible. The impedance
of the QW transformer is calculated using equation (12) below:
Zt =
NameMeNameMeNameMeNameMeNameMeNameMe
ZoZL
√
, (12)
where Zo and ZL are input impedances, which are required to be
real in order to perform the matching. If ZL is complex, then it
can be made real by adding a small transmission-line, i.e. stub
matching can be used [20]. If the input-impedance of the
antenna is real as in our case, then QW transformer can be
used directly without the need of any matching stub.
C) Slits
A single resonant frequency ( fr) operation MPA can be modi-
ﬁed to resonate at multiple frequencies by adding different
shapes of slits and slots [6, 7, 11, 12, 14–17] on the main
patch. The slots can be of various types which include
mainly C, E, F, and U-shaped, each one with its own effects
and properties. But, for the proposed antenna design, two
symmetrical slits are used which are placed at the edges of
the triple-band MPA, as depicted in Figs 1 and 2. The addition
of slits makes the MPA tunable, without affecting any other
features of the antenna. It can also be observed in the later sec-
tions that the designed QW transformer remained the same
even after the inclusion of slits on the main patch [17]. The
optimized dimensions of slits with Ls ¼ 8 mm and Ws ¼
2 mm were obtained by initially cutting a small portion on
the main patch. Then, the length of slit was increased gradually
until the desired frequency bands were obtained. The effect of
variation of slit dimension on the antenna fr is observed and
studied in the next section. The summary of triple-band
MPA design parameters are summarized in Table 1 below.
A number of researchers [2, 4–12, 14–17, 21, 22] have pro-
posed different design techniques and methods that can make
a single-element antenna to operate at multiple frequency
bands. In most cases, the antenna size is large and the geom-
etry of the antenna is complicated. In some cases, although the
antenna is compact, it shows a quite high level of cross-
polarization. Table 2 gives a detailed summary of the previous
multi-band antenna designs proposed in the literature and
compare it with the work presented in this paper in terms
of antenna design complexity and frequency bands of
operation.
It can be observed from Table 2 that most of the proposed
designs techniques for multi-band antenna have high com-
plexity as compare to the design proposed in this work
which makes it a more attractive solution for multi-band
antenna design.
I I I . S I NGLE - E LEMENT ANTENNA
MODEL ING AND
CHARACTER I ZAT ION RESULTS
The designed triple-band MPA is simulated in ADS momen-
tum. The MPA has two symmetrical slits at the corner edges
for providing multi-band operation. A QW transformer-
matching technique is employed with a transmission-line
feed to match the characteristic impedance of the 50 V port
with the MPA. The designed antenna is then fabricated
using the FR4 substrate and is shown in Fig. 2. The dimen-
sions of the single-element triple-band MPA are summarized
in Table 1.
The reﬂection coefﬁcient (S11) measurements of the
antenna were performed using Agilent PNA N5230A. The
comparison of the simulated and measured S11 plots of
the single-element antenna is shown in Fig. 3. It can be seen
from Fig. 3 that there are three main resonance frequencies
achieved.
The simulated/measured S11 values about 3.6, 5.2, and
6.7 GHz are 234/2 16.4 dB, 218.8/2 15 dB, and 221.5/2
17 dB, respectively. These values suggest that the MPA has good
impedance-matching as desired. Same results are shown in
Fig. 4 using the smith-chart.Different circles of S11 at different fre-
quencies can be seen in Fig. 4 and it is important to note that there
are three circles (marked as A, B, and C), which are very close to
the middle matching point with a real value of 1 on the
smith-chart.
The 10 dB impedance bandwidth achieved for simulated/
measured triple-band MPA is 57/80 MHz, 56/79 MHz and
184/210 MHz about 3.6, 5.2, and 6.7 GHz, respectively. It is
important to observe that better performance in terms ofFig. 2. Fabricated single-element triple-band MPA.
Table 1. Triple-band antenna dimensions.
Parameter Values (mm) Parameter Values (mm)
L 20.4 W 26.6
Lf 21.9 Wf 3.29
Lt 10.9 Wt 0.5
Ls 8 Ws 2
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improved impedance bandwidth is achieved for the fabricated
triple-band MPA.
The effect of change of slit dimension on the MPA per-
formance is then studied. Different slit dimensions are tried
during the antenna design by varying the Ls and keeping the
Ws parameters as constant. It can be seen from Fig. 5, that
the most optimized results in terms of S11 are obtained,
when the slits have the dimensions of 8 × 2 mm, shown by
a solid line in Fig. 5. This parametric study suggests that triple-
band MPA behavior can be tuned by carefully choosing the
slits dimensions. Another interesting behavior that is observed
during the parametric study is the tuning of the high-
frequency resonance about 6.7 GHz. This is achieved by
varying the length of upper slit and keeping the dimensions
of lower slit ﬁxed at 8 × 2 mm.
The results are shown in Fig. 6 and it can be seen that as the
Ls in the upper slit is increased from 8 to 13 mm, the 6.7 GHz
resonant frequency starts to drift toward the 7 GHz band and
above. Another important behavior to observe in Fig. 6 is that
there is no change in the other fr, although the S11 response at
3.6 GHz is changed from 227 to 250 dB.
The current distribution of the triple-band MPA is demon-
strated in Fig. 7. It can be seen that at higher frequencies, the
two slits of the antenna are also radiating. This conﬁrms that
by inserting slits on the patch and by carefully selecting appro-
priate position for the slits, current disturbance can be caused
which in turn triggers another radiation as highlighted in Fig. 7.
The radiation patterns for the simulated antenna are
plotted using ADS momentum visualization tool and mea-
surements of the fabricated antenna are made in RF anechoic
chamber NI-800F with Agilent N5230A. Figures 8(a)–8(f)
Table 2. Comparison of multi-band antenna design techniques.
Antenna design parameters Operating frequency bands Design complexity Reference
Meander-line/inverted planar L-shaped antenna 2.4/5.1/5.7 GHz Moderate [5]
U-slot MPA 2.1/3.5 GHz Moderate [6, 7]
Log-periodic MPA 2.4/5 GHz Moderate [8]
Asymmetric rectangular patch with un-equal arms and different slot
lengths
3.66/5.3/5.8/7.03 GHz High [9]
Combined rectangular/triangular patch antenna with one triangular
and multiple rectangular slots
1.8/2.4/2.8/3.5 GHz High [10]
L-probe fed single and two U-slots antenna 4.8/5.1/7.2 GHz Moderate [11]
Multi-stacked/multi-patch antenna with two U-slots and two
separate rectangular slots
2.3/3.3/5 GHz High [12]
Coaxial fed E-shaped wideband patch antenna 5–6 GHz Moderate [14]
Dual-notched U-slots rectangular microstrip antenna 3.5/5.9/6.5/8.75 GHz Moderate [15]
H-slit cut microstrip antenna 910 MHz Moderate/low [16]
Two-port meandered square MPA with 40 slits (ten on each edge) 1.81/2/2.36 GHz High [17]
Planar monopole antenna with a shorted parasitic inverted-L wire
feed
2.4/5.2/5.8 GHz Moderate/high [21]
Rectangular patch antenna with dual inverted L-shaped strips and
defected ground structure
2.14/2.8/5.15 GHz High [22]
Rectangular MPAwith two symmetrical slits at the edges of the patch 3.6/5.2/6.7 GHz Low [This work]
Fig. 3. Simulated and measured S11 plots of single-element triple-band MPA.
Fig. 4. Smith chart showing S11 circles at different frequencies.
Fig. 5. Effect of the change of upper and lower slit-lengths (Ls) on S11.
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show both the simulated and measured two-dimensional (2D)
radiation patterns of the antenna at 3.6, 5.2, and 6.7 GHz
bands, respectively.
The given patterns are the horizontal cut of the three-
dimensional (3D) radiation pattern at w ¼ 08 and
u ¼ 08–3608 with ﬁnite ground plane considered in simula-
tions, resulting in some back lobes in the radiation patterns
as highlighted in Figs 8(a)–8(c). The measured radiation pat-
terns shown are at the same horizontal cut. The designed
triple-band MPA has the gain/efﬁciency characteristic of 7.8
dBi/94.5%, 7.6 dBi/94%, and 7.3 dBi/88% at 3.6, 5.2, and
6.7 GHz, respectively.
These values suggest that the designed multiband MPA
operates well at all three resonant frequencies.
I V . ANTENNA ARRAY DES IGN AND
RESULTS
After designing the single-element triple-band MPA, a 1 × 2
and 1 × 4 antenna array design is presented. Similar antenna
structure, substrate parameters, and dimensions are used for
the individual patches in the array. The triple-band array
design helps in improving the overall gain, directivity, and efﬁ-
ciency of the proposed antenna.
A) 1 3 2 triple-band antenna array design
Initially, a triple-band 1 × 2 antenna array design is pre-
sented. The schematic of the proposed 1 × 2 antenna array
Fig. 6. Effect of variation in upper slit dimensions on S11.
Fig. 7. Surface current distribution of the triple-band MPA.
Fig. 8. Single element triple-band MPA simulated (a-c) and measured (d-f) radiation patterns at 3.6 GHz (a, d), 5.2 GHz (b, e) and 6.7 GHz (c, f) respectively.
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is shown in Fig. 9. The dimensions of each of the array ele-
ments are similar to that summarized previously in Table 1.
An important feature of the proposed array design is the
feeding network. The array is initially fed by a port highlighted
as feed-point in Fig. 9, which is followed by an input 50 V
feed-line. The 50 V line is then further split into two branches
to feed the array elements. A QW transformer is also used to
match the impedance of the patch element with the feeding
network. The impedance of the QW transformer is 70.7 V
and the length is l/4, i.e. 10.9 mm. The distance between
the patch elements in the array is l/2, i.e. 21.7 mm.
The width of the transmission lines was calculated using
the ADS LineCalc tool. The calculated widths of the transmis-
sion lines are 3.5, 0.83, and 1.9 mm for 50, 100, and 70.7 V,
respectively. The S11 plot of the 1 × 2 triple-band antenna
array is shown in Fig. 10 below. It can be seen from Fig. 10
that the simulated values of S11 at 3.6 GHz is 215.6 dB,
5.2 GHz is 226.1 dB, and 6.7 GHz is 224.9 dB, respectively.
The 10 dB impedance bandwidth of the array at 3.6, 5.2,
and 6.7 GHz is 60, 55, and 110 MHz, respectively.
B) 13 4 triple-band antenna array design
The proposed triple-band 1 × 4 antenna array design is pre-
sented in Fig. 11. The array is designed using two 1 × 2
array conﬁgurations joined together using a proper feed
network, so all the impedances are matched to 50 V from
the feed-point to the patch elements. The proposed 1 × 4
array gives better performance in terms of gain, directivity,
and efﬁciency, as expected. Similar patch and feeding
network dimensions are used in the design as depicted in
Fig. 11. The S11 plots of the 1 × 4 triple-band antenna array
is shown in Fig. 12. It can be seen from the simulation
results that the S11 is 216.9 dB at 3.6 GHz, 218.2 dB at
5.2 GHz, and 217.4 dB at 6.7 GHz.
The 10 dB impedance bandwidth of the 1 × 4 array is 60,
75, and 70 MHz at 3.6, 5.2, and 6.7 GHz, respectively. It can
be seen here that the antenna bandwidth is reduced as
compare to 1 × 2 array for 6.7 GHz band which suggests
that these are not the optimized results and the performance
in term of S11 and the bandwidth can be further improved
by optimizing the lengths of all the transmission lines.
C) Antenna array gain, directivity, and
efﬁciency
A performance comparison in terms of antenna array gain,
directivity, and efﬁciency for both 1 × 2 and 1 × 4 conﬁgura-
tions is studied in this section. Figures 13(a)–13(f) show the
gain and directivity for triple-band 1 × 2 and 1 × 4 antenna
arrays, respectively, and the same is summarized in Table 3.
It can be observed from Figs 13(a)–13(c) that the simulated
gain of the 1 × 2 antenna array is 7.75 dBi at 3.6 GHz, 7.7 dBi
at 5.2 GHz, and 9.4 dBi at 6.7 GHz, respectively. The given
patterns are the horizontal cut of the 3D radiation pattern at
w ¼ 08 and u ¼ 08–3608 with inﬁnite ground plane taken in
the simulations, resulting in no back lobes. It is important
Fig. 9. Schematic representation of a triple-band 1 3 2 antenna array.
Fig. 10. S11 plot of the 13 2 triple-band antenna array.
Fig. 11. Schematic representation of a triple-band 1 3 4 antenna array.
Fig. 12. S11 plot of the 1 × 4 triple-band antenna array.
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to note from Figs 13(d)–13(f) that there is an increase in
antenna array gains for 1 × 4 conﬁguration for all three reson-
ant frequencies. This is due to the fact that two more antenna
elements are introduced in 1 × 4 array conﬁguration. The
achieved gain for 1 × 4 antenna array is 10.2 dBi at
3.6 GHz, 8.2 dBi at 5.2 GHz, and 10 dBi at 6.7 GHz, respect-
ively. Furthermore, the comparison of results in Table 3 sug-
gests that there is an improvement in antenna directivity for
the ﬁrst two resonant frequencies when the antenna elements
are increased in the array. The smart antenna beam-steering
[23] operation can also be achieved using both the antenna
arrays by wisely changing the signal phase, a number of tech-
niques have been reported in the past to implement this [23].
It can be observed from Table 3 that the efﬁciency is approxi-
mately similar for both 1 × 2 and 1 × 4 array conﬁgurations
for the ﬁrst two resonant frequency bands. Although it is sig-
niﬁcantly improved from 51.2% (1 × 2 array) to 62.5% (1 × 4
array) for 6.7 GHz band, it is important to mention that in
multi-band antennas, slightly lower performance in terms of
efﬁciency is typically observed at secondary frequency bands
as compare to the primary frequency band.
This is a well-known phenomenon reported previously for
multi-band antennas [2, 10]. Figures 14(a)–14(f) show the 3D
radiation patterns of the 1 × 2 and 1 × 4 antenna arrays,
respectively. For better realization, the pattern orientation
shown is for w ¼ 08–1808 and u ¼ 2908 to +908. It can be
seen from Figs 14(a)–14(f) that the stable radiation patterns
are observed for all the resonant frequencies which suggests
good antenna performance over these operating bands.
Another important behavior which can be observed from
Fig. 14 that the trend of change in radiation patterns for
both antenna array conﬁgurations are similar as the resonant
frequencies are increased from 3.6 to 6.7 GHz.
V . CONCLUS ION
This paper has presented the design of triple-band 1 × 2 and
1 × 4 slit-based printed antenna arrays for next-generation
wireless and satellite-based applications. The antenna works
on 3.6, 5.2, and 6.7 GHz frequency bands. From the proposed
design, it can be seen that the antenna is simple and easy to fab-
ricate using two symmetrical slits that made the antenna to res-
onate at three different frequency bands. For the
proof-of-concept, the single-element triple-band antenna is fab-
ricated and characterized, and a comparison between the simu-
lated and measured antenna is presented. Different antenna
performance parameters such as S11, gain, directivity, radiation
pattern, and bandwidth have been studied and analyzed.
The simulated results show that the designed antenna
arrays have the impedance bandwidth of 1.67% at 3.6 GHz,
1.06% at 5.2 GHz, and 1.65% at 6.7 GHz for 1 × 2
Fig. 13. Simulated gain and directivity of triple-band 1 × 2 (a–c) and 1 × 4 (d–f) antenna arrays at 3.6 GHz (a, d), 5.2 GHz (b, e), and 6.7 GHz (c, f), respectively.
Table 3. Comparison of triple-band antenna array gain, directivity, and
efﬁciency.
Array conﬁguration 1 3 2 Antenna array 13 4 Antenna array
Frequency (GHz) 3.6 5.2 6.7 3.6 5.2 6.7
Gain (dBi) 7.75 7.7 9.4 10.2 8.2 10.0
Directivity 8.5 10.7 12.3 10.8 11.3 12.1
Efﬁciency (%) 84.5 50.6 51.2 85.8 48.7 62.5
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conﬁguration and 1.67% at 3.6 GHz, 1.45% at 5.2 GHz, and
1.05% at 6.7 GHz for 1 × 4 conﬁguration, respectively. The
proposed antenna arrays can be used for the next-generation
software deﬁned radios and radar-based application [4],
which requires reconﬁgurable antennas that can operate on
multiple frequency bands. Moreover, the 5-GHz band oper-
ation allows these antenna arrays to be used in the next-
generation WLANs IEEE 802.11 (ac) applications, which
require smart-antennas with beam-steering capabilities [24].
Investigation on further suppression of back lobes by array
optimization and fabrication of triple-band 1 × 2 and 1 × 4
antenna arrays will be performed using the FR4 substrate to
compare the performance of the arrays with the simulation
results which is subject to the future work.
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